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Abstract
The ratio of Rashba and Dresselhaus spin splittings of the (001)-grown GaAs/AlGaAs quantum wells (QWs),
investigated by the spin photocurrent spectra induced by circular photogalvanic effect (CPGE) at inter-band
excitation, has been effectively tuned by changing the well width of QWs and by inserting a one-monolayer-thick InAs
layer at interfaces of GaAs/AlGaAs QWs. Reflectance difference spectroscopy (RDS) is also employed to study the
interface asymmetry of the QWs, whose results are in good agreement with that obtained by CPGE measurements. It
is demonstrated that the inserted ultra-thin InAs layers will not only introduce structure inversion asymmetry (SIA), but
also result in additional interface inversion asymmetry (IIA), whose effect is much stronger in QWs with smaller well
width. It is also found that the inserted InAs layer brings in larger SIA than IIA. The origins of the additional SIA and IIA
introduced by the inserted ultra-thin InAs layer have been discussed.
Keywords: Spectroscopy of circular photogalvanic effect, Ratio of Rashba/Dresselhaus spin splittings, Rashba- and
Dresselhaus-type CPGE, Interface inversion asymmetry, Reflectance difference spectroscopy
Background
Nowadays, spintronics has attracted enormous research
interest since it promises to revolutionize electronics
and computing by making explicit use of the electron’s
spin in addition to its charge [1–3]. The spin-orbit cou-
pling (SOC) provides a mechanism for the generation
and manipulation of spins solely through electric fields
[4]. SOC can be divided into two types, one is Dres-
selhaus term induced by the bulk inversion asymmetry
(BIA)[5] and by interface inversion asymmetry (IIA), and
the other is Rashba term induced by the structure inver-
sion asymmetry (SIA)[6–8]. IIA yields BIA-like terms in
the effective Hamiltonian for electrons [9, 10], whichmake
it difficult to separate these two terms experimentally. As
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a result, there are few works reporting the experimen-
tal investigations of IIA-induced SOC. CPGE is recently
emerging as an effective experimental tool to measure
SOC in low-dimensional semiconductor system [10–12],
which can separate Rashba- and Dresselhaus-type SOC
of the quantum wells (QWs) belonging to zinc-blende
structure by adopting different optical geometries [13, 14].
Besides, reflectance difference spectroscopy (RDS) is a
powerful tool to investigate the interface asymmetry,
which can measure the tiny optical anisotropy (OA)
induced by interface asymmetry [15]. Therefore, it may
be a good idea to employ these two methods to study the
IIA-induced SOC.
It has been recognized that Rashba and Dresselhaus
SOC can interfere with each other and result in an
anisotropy of spin splitting [10]. If these two terms have
equal strength with each other, the spin splitting in cer-
tain k-space directions will vanish. This can lead to some
new macroscopic effects, such as the lack of Shubnikov-
de Haas beating or the disappearance of spin relaxation
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in specific crystallographic directions [16]. These effects
can be employed for a nonballistic spin-field effect transis-
tor [17]. Therefore, effectively tuning the ratio of Rashba
and Dresselhaus SOC (RD ratio) is of great importance for
designing new kinds of spintronics devices. Ganichev et.
al. tuned the RD ratio by shifting the δ-doping plane from
one side of the quantum well to the other and measured
the RD ratio by circular photogalvanic effect (CPGE) [14].
In our previous work, the RD ratio is tuned by changing
the temperature [18].
In this paper, we tune the RD ratio by changing the
well widths and by inserting an ultra-thin InAs layer
with a thickness of one monolayer (ML) at interfaces of
GaAs/AlGaAs multiple quantum-wells (MQWs), which is
measured by CPGE spectra at inter-band excitation. We
also investigate the IIA-induced SOC by comparing the
CPGE and RDS spectra. It is found that the RD ratio can
be effectively tuned by changing the well width and by the
inserted InAs layer. Besides, we also find that the inserted
ultra-thin InAs layer will not only introduce SIA, but also
result in additional IIA, whose effect is much stronger for
QWs with smaller well width.
Methods
We study four undoped GaAs/Al0.3Ga0.7As MQWs sam-
ples grown on (001) SI-GaAs substrates by molecular
beam epitaxy (MBE). Sample A and B contain 20 peri-
ods of 7 and 3 nm quantum wells, respectively. Sam-
ple C and D have the same structure with that of
sample A and B, respectively, except that an ultra-thin
InAs layer with a thickness of 1 ML is inserted at
one of the interfaces of each GaAs/Al0.3Ga0.7As QWs,
i.e., forming Al0.3Ga0.7As/InAs/GaAs/Al0.3Ga0.7As struc-
tures. The InAs layer is grown at 500 °C. In order to
prevent the volatilization of InAs when growing GaAs
layer at a higher temperature of 580 °C, a GaAs layer of
1 nm is grown on top of the InAs layer, followed by heat-
ing up of the substrate to 580 °C to grow the rest GaAs
and Al0.3Ga0.7As layers. After the growth of 20 periods
of QWs, the samples are capped by 100 nm Al0.3Ga0.7As
and 20 nm GaAs layer. All of the four samples are of
high resistance without lighting at room temperature,
indicating the high purity of the samples. The 2D den-
sities of the photo-induced carriers corresponding to the
transition of 1H1E (the first valence subband of heavy
holes to the first conduction subband of electrons) for
the four samples are all estimated to be about 109 cm−2
under a radiation of a laser with a power of 60 mW.
For CPGE measurements, the samples are cleaved along
[110] and [11¯0] directions into squares of 4×4 mm2. Then
one pair of ohmic contacts with 3 mm apart along [100]
direction is made by indium deposition and annealed
at about 420 °C in nitrogen atmosphere, as shown in
Fig. 1a, b.
A mode-locked Ti-sapphire laser with a repetition rate
of 80MHz is used as the radiation source. The full width at
half maximum (FWHM) of the laser pulse is about 7 nm.
The light then goes through a polarizer and a photoelas-
tic modulator (PEM) to become a periodically oscillating
polarization between right- (σ−) and left- (σ+) hand cir-
cularly polarized light. Finally, a Gaussian profile light spot
with a diameter of about 2.5 mm irradiates at the cen-
tral line between two electrodes with a power of about
60 mW at 840 nm. In order to extract the common pho-
tocurrent I0 under DC bias, a chopper with a frequency
of 220 Hz and a lock-in amplifier are used. The photogal-
vanic current is measured in the unbiased structure via a
preamplifier and then is recorded by the lock-in amplifier
in phase with the PEM. The wavelength of the light ranges
from 750 to 870 nm.
Due to the large FWHM of the laser pulse of the Ti-
sapphire laser, the transitions of 1H1E and 1L1E (the first
valence subband of light holes to the first conduction
subband of electrons) of the QWs can not be clearly dis-
tinguished in the common photocurrent spectra, denoted
as I0. Thus, we replace the Ti-sapphire laser with a 250-W
tungsten lamp combined with a monochromator, which
has a spectral resolution of 1 nm, to measure the com-
mon photocurrent spectra, denoted as I1. The DC bias is
adopted to be 3 V.
Fig. 1 Geometries used to measure the CPGE current. a and b are used to measure the CPGE current induced by Rashba- and Dresselhaus-type
SOC, respectively
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Since the Rashba and Dresselhaus SOC contribute dif-
ferently to the CPGE for different crystallographic direc-
tions, we can separate the spin splitting induced by Rashba
and Dresselhaus SOC according to the method proposed
in [13] and [14]. Therefore, using the geometry shown in
Fig. 1a, b, we can obtain the CPGE current induced by
Rashba and Dresselhaus spin splitting, respectively.
In order to investigate the interface asymmetry of the
four samples, we perform RDS measurements at 77 K.
RDS can precisely measure the reflectance difference
between [110] and [11¯0] directions, i.e., r/r = 2(r110 −
r11¯0)/(r110 + r11¯0), resulted from interface asymmetry
of the QWs. Here, r110 denotes the reflectance coeffi-
cient of the sample when the incident light is polarized
along [110] direction. The RDS setup is the same as that
used in [19].
Results and discussion
Figure 2 shows the common photocurrent I1 under a DC
bias of 3 V for samples A, B, C, and D. The signal related
to the transitions of 1H1E and 1L1E can be clearly distin-
guished, which are marked by downward arrows. It can
be seen that the transition energies of 1H1E and 1L1E
in sample C (D) shift a little to lower energy compared
to that of sample A (B), due to the perturbation of the
inserted InAs layer. Figure 3 shows the CPGE spectra nor-
malized by the common current I0 for sample A, B, C,
and D induced by Rashba- and Dresselhaus-type SOC,
respectively, at different angles of incidence. The Rashba-
type spectra in Fig. 3 are measured under the geometry
shown in Fig. 1a, and the Dresselhaus-type spectra are
obtained under the geometry of Fig. 1b. In the CPGE spec-
tra, it is difficult to make a distinction between the signal
related to 1H1E and that related to 1L1E due to the large
FWHMof the Ti-sapphire laser. In order to distinguish the
CPGE signal related to 1H1E and 1L1E, we should turn
to the common photocurrent spectra I1 shown in Fig. 2
to locate the energy positions of 1H1E and 1L1E. Since
the CPGE signal associated with 1H1E and 1L1E shows
similar behaviors, we only focus on that related to 1H1E
in the following discussion. So, we normalized the CPGE
spectra by the common current I0 corresponding to the
transition of 1H1E, whose energy positions can be clearly
observed in the common photocurrent spectra I1 shown
in Fig. 2 and are indicated by vertical dashed lines in Fig. 3.
Thus, the influences of the carrier mobility and carrier
density in different samples can be eliminated, which will
allow us to compare CPGE current in different samples.
It can be seen that for the investigated four samples, the
Rashba-type CPGE spectra shows similar lineshape with
that of Dresselhaus-type, which are not consistent with
the theoretical predictions reported in [20]. The discrep-
ancies can be mainly attributed to the excitonic effect,
which may play a dominant role in the inter-band reso-
nance excitation CPGE spectra of the insulating QWs [18,
21]. Figure 4 shows the incident angle dependence of the
magnitude of the Rashba- and Dresselhaus-type CPGE
current corresponding to the transition of 1H1E for the
four samples. The solid lines in the figure are the fitting
results according to the following equation









Here, n is the refractive index, and λ = R or D corre-
sponds to the CPGE current induced by the Rashba- or
Dresslhaus-type SOC, respectively. If λ=R, A = aαPcirc;
if λ=D, A = aβPcirc, where Pcirc is the degree of circular
Fig. 2 Common photocurrent I1 under a DC bias of 3 V for a samples A, C and b sample B, D, respectively. The arrows indicate the energy positions
of the transition 1H1E, 1L1E, and that related to GaAs bulk material
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Fig. 3 CPGE spectra for samples A–D induced by Rashba- and Dresselhaus-type SOC normalized by the common photocurrent I0 at the angles of
incidence from −30 to 30 °C with a step of 10 °C. a, c, e and g are the CPGE current induced by Rashba-type SOC, and b, d, f and h are those
induced by Dresselhaus-type SOC. All of the spectra are shifted vertically for clarity. The vertical dash lines indicate the energy position of the
transition of 1H1E. The solid lines are guides for eyes
polarization given by Pcirc = (Iσ+ −Iσ−)/(Iσ+ +Iσ−), and a
is a constant determined by the optical selection rules and
by the momentum relaxation time. It is worth mentioning
that, (i) we only take the k-linear Hamiltonian in the con-
duction band in the derivation of Eq. (1), because the cubic
in k Dresselhaus terms of conduction band are usually
unimportant in GaAs QWs, which may play an important
role in narrow band materials and highly doped QWs as
well as at high temperature [22]; (ii) α (or β) should be the
effective Rashba (or Dresselhaus) parameter proportional
to the effective strength of Rahsba (or Dresselhaus) spin
splitting in the QWs, since the CPGE current induced by
inter-band excitation is determined by the spin splitting
both in conduction and valence bands. What is more, the
contribution of the holes to the CPGE may be comparable
or even larger than that of electrons in the samples with
InAs layers inserted at the interfaces of the QWs, because
there is large SOC in the valence bands induced by the
heavy-light hole interface mixing in such kinds of sam-
ples [23, 24], and it will result in much larger momentum
relaxation time of holes compared with that of electrons;
(iii) although interface mixing makes a significant contri-
bution both to k-linear and k3 terms in the valence band
effective Hamiltonian, the k-linear term plays a dominant
role at small k, which is the case of our samples where the
excitonic effect makes a major contribution to the CPGE
current. Therefore, Eq. (1) still holds even the SOC of the
valence bands is further taken into account.
In the fittings of Eq. (1) , the refractive index n of the
QWs material is adopted to be 3.55 according to [25], and
the parameter A is fitted to be 1000±77 and 1274±45 for
the normalized Rashba- and Dresselhaus-type CPGE cur-
rent in sample A, respectively. Therefore, we can obtain
the RD ratio α/β = (1000±77)/(1274±45) = 0.78±0.08.
Similarly, the parameter A in the normalized Rashba-type
CPGE current IR/I0 of the transition 1H1E in samples
B, C, and D are 891±60, 2756±205, 2945±112, respec-
tively, and that related to the normalized Dresselhaus-type
CPGE current ID/I0 in samples B, C, and D are 1849±162,
1389±50, 2554±104, respectively, as shown in Table I.
Thus, we can obtain the RD ratios for the transition of
1H1E in sample B, C and D are 0.48±0.08, 1.98±0.23 and
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Fig. 4 Angular dependence of the normalized CPGE current for sample A–D induced by Rashba- and Dresselhaus-type SOC for the transition of
1H1E, respectively. The squares and circles are experiential results and the solid lines are the fitting results according to Eq. (1)
1.15±0.10, respectively, which are also shown in Table I.
It can be seen that the RD ratio of the QWs can be effec-
tively tuned by changing the well width of the QWs and by
the inserted ultra-thin InAs layers.
Denoting the Rashba and Dresselhaus coefficent for
sample i (i=A, B, C or D) as αi and βi, and marking the
parameter A deduced from Rashba- and Dresselhaus-type
CPGE current of sample i (i=A, B, C or D) as ARi and ADi,
respectively, we find that ARA almost equals to ARB within
experimental errors, indicating that the Rashba SOC in
sample B nearly equals to that in sample A, i.e., αA  αB.
This is because in the symmetric GaAs/AlGaAs QWs, the
Rashba SOC mainly stems from the built-in electric field,
which is due to the residual doping. Since sample A and
sample B are grown under the same conditions and they
have the same structure except for the well width of the
QW (7 versus 3 nm), the residual doping and the conse-
quent built-in field will be approximately equal, resulting
in similar value of Rashba-type SOC. However, the ratio
between ADB and ADA is z = ADB/ADA = 1.63 ± 0.47,
indicating a larger Dresselhaus-type SOC in sample B.
This observation is in good agreement with that observed
in Ref. [26] within experimental error, which reported that
the ratio of Dresselhaus-type SOC between the sample
with 3 and 7 nm well width is about 1.57. This phe-
nomenon can be attributed to the following two reasons:
firstly, as pointed out in Ref. [22] and [26], the smaller
the well width is, the larger confinement it provides for
the carriers in the QW, leading to larger Dresselhaus spin
splitting; secondly, as evident by the OA measurements
of the four samples shown below, samples with smaller
well width have larger IIA resulting in larger Dresselhaus
spin splitting. We also note that ARC nearly equals to ARD
within experimental error, implying the same strength of
Rashba-type SOC in the two samples. This is due to the
fact that they are grown under the same conditions and
they have the same structure except for the well width of
the QW. One can see that, ARC is much larger than ARA
with a ratio of Y = ARC/ARA = 2.76 ± 0.45, showing
that the inserted ultra-thin InAs layer introduces addi-
tional SIA into the QWs. This is because the band gap of
InAs (about 0.35 eV) is much smaller than that of GaAs
(about 1.42 eV), which results in significant asymmetry
along [001] direction. It is interesting to note that the
Dresselhaus-type SOC in sample C is a little larger than
that in sample A, since X = ADC/ADA = 1.09 ± 0.08.
This indicates that the inserted InAs layer also bring in
additional Dresselhaus-type SOC, which, probably, results
from interface inversion asymmetry (IIA), since the ultra
thin InAs layer will result in different chemical bonds at
the two interfaces of the QWs [24], i.e., the left interface
involves Al-As and Ga-As bonds, in a ratio of 0.35 to 0.65,
lying in the (1¯10) plane and Ga-As bonds lying in the per-
pendicular (110) plane, while the right interface consists
of Ga-As bonds in the (1¯10) plane and In-As bonds in
the (110) plane. The additional IIA introduced by InAs
layer is also evident from the larger OA intensity in sam-
ple C compared with that of sample A measured by RDS
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spectra shown below. Because IIA yields BIA-like terms in
the effective Hamiltonian, IIA will introduce Dresselhaus-
type SOC. As a result, the spin splittings both in the
valence and conduction band will be enhanced, and the
effect on the spin splitting in the valence band is much
larger than that in the conduction band [7, 23]. The IIA
will lead to the k-linear Hamiltonian the same as that
derived from the BIA for electrons [7], but results in both
k-linear terms, which play a leading role at small k, and
k3 terms for holes [23]. Since the excitonic effect plays a
dominant role in the inter-band excited CPGE spectra of
the insulating GaAs/AlGaAs QWs [21], the CPGE current
is mainly contributed by the carriers at small k. There-
fore, the k3 terms induced by IIA in the valence band
can be neglected. Besides, we also note that the ratio of
ADD to ADB is larger than that of ADC to ADA, i.e., z2 =
ADD/ADB = 1.38 ± 0.19 > X, suggesting that the addi-
tional IIA introduced by the inserted InAs layer is larger
in QWs with smaller well width. This phenomenon can be
owing to stronger hole-mixing effect at smaller well width
evident from the enhanced OA intensity induced by IIA
in the QWs with smaller well width as shown below. The
relations of Y > X and Y > z2 indicate that the inserted
ultra-thin InAs layer will introduce larger SIA than IIA for
the investigated 7 and 3 nm GaAs/AlGaAs QWs due to
the striking asymmetry along the growth direction of the
QWs as induced by the remarkable difference between the
band gap of InAs and GaAs.
The interface asymmetry can be evident from the OA in
the interface planes as a consequence of the mixing effect
of the heavy- and light-hole induced by interface asym-
metry. In order to investigate the interface asymmetry of
the four samples, we perform RDS measurements at 77
K and the results are shown in Fig. 5. All of the spectra
Fig. 5 Reflectance difference spectra of the four samples measured at
77 K. The spectra are shifted vertically for clarity. The arrows indicate
the energy positions of 1H1E and 1L1E
are shifted vertically for clarity. The arrows indicates the
energy positions of the transitions of 1H1E and 1L1E. One
can see that the inserted InAs layer will make the tran-
sitions of 1H1E and 1L1E shift to lower energy slightly,
which are also observed in the common photocurrent
spectra I1. It can be seen that the transitions of 1H1E and
1L1E have opposite OA, since the value of r/r reflects
the OA intensity in the two interfaces of the QW. The OA
intensity of 1H1E are 0.13±0.05, 0.60±0.05, 0.75±0.05
and 3.00±0.05 for sample A, B, C and D, respectively, as
shown in Table 1. The OA in sample A and B mainly
comes from anisotropic interface defects or anisotropic
atomic segregation at AlAs-on-GaAs interface [15], while
that in sample C and D mainly stems from the anisotropic
chemical bonds at the interface. It can be clearly seen that
the OA intensity in sample C is about six times larger than
that in sample A, indicating larger interface asymmetry
induced by the inserted InAs layer, which also support the
results of CPGE measurements. Besides, the OA intensity
in sample D (B) is larger than that in sample C (A), sug-
gesting that the interface asymmetry is larger at smaller
well width, due to the larger ratio of the number of inter-
face atoms to that of bulk atoms for smaller well width
[24]. The increase of OA intensity from sample C to sam-
ple D (2.25×10−3) is larger than that from sample A to B
(0.47×10−3), implying that the additional interface asym-
metry introduced by the inserted InAs layer is also larger
at smaller well width. This observation consists again with
that is found in CPGE measurements.
Conclusions
In conclusion, the influence of the well width of the QWs
on the CPGE spectra induced by Rashba and Dresselhaus
SOC at inter-band excitation have been experimentally
investigated in (001)-grown GaAs/AlGaAs QWs. Ultra-
thin InAs layers with a thickness of 1 ML have been
inserted at the interfaces of GaAs/AlGaAs QWs to tune
the asymmetry of the QWs. The interface asymmetry of
the QWs with and without InAs inserted layers are also
investigated by RDS at 77 K. The results obtained by
the CPGE and RDS measurements are consistent with
each other. We find that the RD ratio of the QWs can be
Table 1 The fitted parameter A of the normalized Rashba- and
Dresselhaus-type CPGE current, the ratio of Rashba and
Dresselhaus SOC (RD ratio) and the OA intensity corresponding
to the transition of 1H1E for the four samples
Sample A Sample B Sample C Sample D
Parameter A in IR/I0 1000±77 891±60 2756±205 2945±112
Parameter A in ID/I0 1274±45 1849±162 1389±50 2554±104
RD ratio 0.78±0.08 0.48±0.08 1.98±0.23 1.15±0.10
r/r (10−3) 0.13±0.05 0.60±0.05 0.75±0.05 3.00±0.05
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effectively tuned by the well width and by the inserted
InAs layer. It is also found that the inserted ultra-thin InAs
layer will not only introduce SIA, but also result in addi-
tional IIA, and the SIA is larger than the IIA. Besides, both
evident from CPGE and RDS measurements, the IIA are
much stronger in QWs with smaller well width.
Acknowledgements
The work was supported by the National Natural Science Foundation of China
(No. 11574302, No. 61306120, No. 61474114, No.61674038), the 973 program
(2012CB921304, 2013CB632805), Natural Science Foundation of Fujian (Grant
No. 2014J05073) and Open Research Fund Program of the State Key
Laboratory of Low-Dimensional Quantum Physics (No. KF201405).
Authors’ contributions
JLY conducted the experiments and wrote the paper. XLZ performed sample
fabrications. YHC and YL designed the experiments. SYC, YFL, QZ, and JR
assisted with measurements and analysis. All authors contributed through
scientific discussions. All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Author details
1Institute of Micro/Nano Devices and Solar Cells, School of Physics and
Information Engineering, Fuzhou University, Fuzhou, China. 2Key Laboratory of
Semiconductor Materials Science, Institute of Semiconductors, Chinese
Academy of Sciences, and University of Chinese Academy of Sciences, P.O. Box
912, Beijing 100083, People’s Republic of China. 3Jiangsu Collaborative
Innovation Center of Photovolatic Science and Engineering, Changzhou
University, Changzhou, 213164, Jiangsu, China. 4Department of Physics, State
Key Laboratory of Low Dimensional Quantum Physics, Tsinghua University,
Beijing, 100084, China.
Received: 21 August 2016 Accepted: 5 October 2016
References
1. Žuti c´ I, Fabian J, Das Sarma S (2004) Spintronics: fundamentals and
applications. Rev Mod Phys 76:323–410
2. Zhu LP, Liu Y, Gao HS, Qin XD, Li Y, Wu Q, Chen YH (2014) Observation of
anomalous linear photogalvanic effect and its dependence on
wavelength in undoped ingaas/algaas multiple quantum well. Nanoscale
Res Lett 9:493
3. Li Y, Liu Y, Jiang CY, Zhu LP, Qin XD, Gao HS, Ma WQ, Guo XL, Zhang YH,
Chen YH (2014) Observation of linear and quadratic magnetic
field-dependence of magneto-photocurrents in inas/gasb superlattice.
Nanoscale Res Lett 9:279
4. Kato Y, Myers RC, Gossard AC, Awschalom DD (2004) Coherent spin
manipulation without magnetic fields in strained semiconductors. Nature
427(6969):50–53
5. Dresselhaus G (1955) Spin-orbit coupling effects in zinc blende structures.
Phys Rev 100(2):580–586
6. Averkiev NS, Golub LE, Gurevich AS, Evtikhiev VP, Kochereshko VP,
Platonov AV, Shkolnik AS, Efimov YP (2006) Spin-relaxation anisotropy in
asymmetrical (001) alxga1−xas quantum wells from hanle-effect
measurements: Relative strengths of rashba and dresselhaus spin-orbit
coupling. Phys Rev B 74:033305
7. Rossler U, Kainz J (2002) Microscopic interface asymmetry and
spin-splitting of electron subbands in semiconductor quantum
structures. Solid State Commun 121(6–7):313–316
8. Bychkov YA, Rashba EI (1984) Oscillatory effects and the magnetic
susceptibility of carriers in inversion layers. J Phys C Solid State Phys
17:6039
9. Ganichev SD, Rössler U, Prettl W, Ivchenko EL, Bel’kov VV, Neumann R,
Brunner K, Abstreiter G (2002) Removal of spin degeneracy in p -sige
quantum wells demonstrated by spin photocurrents. Phys Rev B
66:075328
10. Ganichev SD, Prettl W (2003) Spin photocurrents in quantum wells. J
Phys-Condens Mat 15(20):935–983
11. Yin C, Yuan H, Wang X, Liu S, Zhang S, Tang N, Xu F, Chen Z, Shimotani H,
Iwasa Y, Chen Y, Ge W, Shen B (2013) Tunable surface electron spin
splitting with electric double-layer transistors based on inn. Nano Lett
13(5):2024–2029
12. Yu J, Cheng S, Lai Y, Zheng Q, Chen Y (2014) Spin photocurrent spectra
induced by rashba- and dresselhaus-type circular photogalvanic effect at
inter-band excitation in ingaas/gaas/algaas step quantum wells.
Nanoscale Res Lett 9:130
13. Ganichev SD, Bel’kov VV, Golub LE, Ivchenko EL, Schneider P, Giglberger S,
Eroms J, De Boeck J, Borghs G, Wegscheider W, Weiss D, Prettl W (2004)
Experimental separation of rashba and dresselhaus spin splittings in
semiconductor quantum wells. Phys Rev Lett 92(25):256601
14. Giglberger S, Golub LE, Bel’kov VV, Danilov SN, Schuh D, Gerl C, Rohlfing F,
Stahl J, Wegscheider W, Weiss D, Prettl W, Ganichev SD (2007) Rashba and
dresselhaus spin splittings in semiconductor quantum wells measured by
spin photocurrents. Phys Rev B 75(3):035327
15. Chen YH, Ye XL, Wang JZ, Wang ZG, Yang Z (2002) Interface-related
in-plane optical anisotropy in gaas/alxga1-xas single-quantum-well
structures studied by reflectance difference spectroscopy. Phys Rev B
66(19):195321
16. Averkiev NS, Golub LE (1999) Giant spin relaxation anisotropy in
zinc-blende heterostructures. Phys Rev B 60:15582–15584
17. Schliemann J, Egues JC, Loss D (2003) Nonballistic spin-field-effect
transistor. Phys Rev Lett 90:146801
18. Yu J, Cheng S, Lai Y, Zheng Q, Zhu L, Chen Y, Ren J (2015) Temperature
dependence of spin photocurrent spectra induced by rashba- and
dresselhaus-type circular photogalvanic effect at inter-band excitation in
ingaas/algaas quantum wells. Opt Express 23(21):27250–27259
19. Chen YH, Ye XL, Xu B, Wang ZG (2006) Strong in-plane optical anisotropy
of asymmetric (001) quantum wells. J Appl Phys 99(9):096102
20. Golub LE (2003) Spin-splitting-induced photogalvanic effect in quantum
wells. Phys Rev B 67(23):235320
21. Yu JL, Chen YH, Jiang CY, Liu Y, Ma H, Zhu LP (2012) Spectra of rashba-
and dresselhaus-type circular photogalvanic effect at inter-band
excitation in gaas/algaas quamtun wells and their behaviors under
external strain. Appl Phys Lett 100:152110
22. Ganichev SD, Golub LE (2014) Interplay of rashba/dresselhaus spin
splittings probed by photogalvanic spectroscopy—a review. Phys Status
Solidi B 251(9):1801–1823
23. Durnev MV, Glazov MM, Ivchenko EL (2014) Spin-orbit splitting of valence
subbands in semiconductor nanostructures. Phys Rev B 89(7):075430
24. Vervoort L, Ferreira R, Voisin P (1997) Effects of interface asymmetry on
hole subband degeneracies and spin-relaxation rates in quantum wells.
Phys Rev B 56:12744–12747
25. Takagi T (1978) Refractive index of ga1-xinxas prepared by vapor-phase
epitaxy. Jap J Appl Phys 17:1813–1817
26. Walser MP, Siegenthaler U, Lechner V, Schuh D, Ganichev SD,
Wegscheider W, Salis G (2012) Dependence of the dresselhaus spin-orbit
interaction on the quantum well width. Phys Rev B 86:195309
Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
